Two methods of investigation were used to evaluate the heat quantity associated with anabolic processes (qs,,) during the aerobic growth of Escherichia coli in a minimal medium containing succinic acid as the sole energy and carbon source. The study of the contribution of biosynthetic reactions from succinic acid and ammonia were investigated by both methods. The two q. values obtained were in excellent agreement and were found to be significant. Thus it was demonstrated that the contribution of anabolism strongly influenced the quantity of heat associated with microbial aerobic growth. The q. calculated as above explained the experimental enthalpy change which was recently reported. phase and washed twice with cold distilled water, then lyophilized samples of 1 g each were analyzed by combustion in an oxygen bomb calorimeter. The heat from the combustion of each sample was calculated, taking into account the water content of the lyophilized cells, and expressed in kilojoules per gram of cells (dry weight).
Two methods of investigation were used to evaluate the heat quantity associated with anabolic processes (qs,,) during the aerobic growth of Escherichia coli in a minimal medium containing succinic acid as the sole energy and carbon source. The study of the contribution of biosynthetic reactions from succinic acid and ammonia were investigated by both methods. The two q. values obtained were in excellent agreement and were found to be significant. Thus it was demonstrated that the contribution of anabolism strongly influenced the quantity of heat associated with microbial aerobic growth. The q. calculated as above explained the experimental enthalpy change which was recently reported.
The enthalpy change associated with the aerobic growth of Escherichia coli in a minimal medium containing a limiting concentration of succinic acid as energy and carbon source was measured recently (3) , and the value obtained was found to be significantly lower than that of the heat corresponding to the catabolic reactions. The difference between these values was attributed to the enthalpy change associated with reactions of biosynthesis.
Despite a great deal of work, no clear data are available concerning the contribution of anabolism to the experimental enthalpy change accompanying the microbial growth.
Recently, Belaich (in A. E. Beezer [ed.], Bio- logical Calorimetry, in press) proposed two methods for evaluating enthalpy changes associated with anabolic processes (Ah.) based on the heat of combustion of whole cells and on the scrutinization of the anabolic reactions step by step.
It was of interest to us to investigate the influence of the biosynthetic reactions bn the enthalpy changes associated with the growth of E. coli in a miniimal medium as measured by microcalorimetry.
MATERIALS AND METHODS
Bacterial strains and media. Bacterial strains and media were as described previously (3 phase and washed twice with cold distilled water, then lyophilized samples of 1 g each were analyzed by combustion in an oxygen bomb calorimeter. The heat from the combustion of each sample was calculated, taking into account the water content of the lyophilized cells, and expressed in kilojoules per gram of cells (dry weight).
The bacterial formulation used in the text has been published prevously (3) . This formulation corresponding to 22.54 g of cells (dry weight), was CH1.560o.36No.23.
RESULTS
The heat from the combustion of succinic acid-grown bacteria as analyzed by the oxygen bomb calorimeter was found to be -22.9 kJ/g. With these data and the cell formulation in hand an evaluation of the enthalpy of bacteria formation (Ahf) could be done. This value was calculated by using a classical relationship related to cellular combustion and corresponds to the following: CH1.560o.36No.23 + 1.21 02 --C02 + 0.78 H20 + 0.115 N2.
The enthalpy of formation of bacterial cells was found to be -4.42 kJ/g or -4.42 x 22.54 = -99.68 kJ for the entity described as bacterial formulation.
The relationship corresponding to the bacterial synthesis of succinic acid and its nitrogen source may be written as follows: (Belaich, in Biological Calorimetry, in press ). For the anabolic reaction described by this relationship (1), the Ah.a was found to be +2.67 kJ/g. Therefore, it became easy to calculate the heat quantity associated with the anabolic process (qan) during the metabolism of 1 mol of succinic acid. If Y8 is the molecular growth yield of E. coli, with succinic acid as energy and carbon source, and if a is the molar fraction of the succinic acid incorporated into the cellular material, this value could be written as follows:
According to this equation, llan was the enthalpy change corresponding to equation (1) when 1 mol of succinic acid was fully transformed into cellular material. For aerobically grown succinic acid cells, this last value was 60.31 x 4 = 241.24 kJ/mol. Consequently, the heat quantity (q,at) associated with the fraction (1 -a) of the succinic acid oxidized during the metabolism of 1 mol of succinic acid was as follows: qcat = (1 -a)AHcat (3) According to this equation, AHcat was the enthalpy change corresponding to the catabolism of 1 mol of succinic acid.
By using the molecular growth yield reported in our earlier studies, i.e., 37.5 g/mol (3), the q.., value was found to be 32.5 x 2.67 + 100-12 kJ/ mol. This value was not negligible and contributed significantly to the experimental enthalpy change associated with the aerobic growth of E.
coli. The quantity of heat that evolved during the growth, i.e., AHmet, was the sum of the enthalpy changes associated with the exergonic reactions (qcat) and the enthalpy change associated with the synthetic reactions (i.e., q,) according to the following equation:
AHmet qcat+qan= (1-a) Hcat + aan (4) In the case of the growth of E. coli on succinic acid, we showed in our earlier study that 41.5% of the succinic acid was recovered as cellular carbon (i.e., a = 0.41) and, consequently, that qcat was found to be -876.32 kJ/mol. It therefore became easy to calculate the AHmet by using equation (4) , as follows: AHmet = -876.32 + 100.12 = -776.2 kJ/mol. This last value is in excellent agreement with the experimental data already published (3) , that is, -739.4 kJ/mol.
A second method could be applied to evaluate the enthalpy change associated with cell formation from succinic acid and a nitrogen source. The anabolism reactions could be scrutinized step by step and divided into the following three main parts. (i) First, the conversion of carbon and nitrogen source into the monomers of the macromolecules contained in 1 g of cells (dry weight). The sum of the enthalpy changes associated with the different reactions was identified as Ahla.
(ii) Second, the polymerization of these monomers into unfolded macromolecules. This second step was accompanied with an enthalpy change identified as Aha (iii) Third, the enthalpy change associated with the folding of macromolecules wasMAha . Therefore, the enthalpy change associated with the synthesis of 1 g of cells (dry weight) would be given by the following relationship:
The calculation of Ah' was listed, according to the stoichiometric relationship of monomer formation in Table 1 . The results of this analysis showed that the synthesis of all amino acids contained in 1 g (dry weight) of cells was associated with an enthalpy decrease of +1.46 kJ/g. The contribution for the lipid content was of the same order of magnitude, that is, +1.29 kJ/g.
Polysaccharide synthesis, however, was accompanied by a negligible enthalpy increase, that is, +0.081 kJ/g. On the other hand, nucleic acid basis synthesis was slightly exothermic. This fact was probably due to the oxidation level of these compounds compared with succinic acid levels.
The change in enthalpy occurring during the formation of unfolded macromolecules h2 ) could be investigated from enthalpy changes associated with the hydrolysis reaction of the main bonds involved in macromolecules (peptidic, glycosidic, acylester, and phosphodiester bonds). These data were taken from the literature (J. P. Belaich, in Biological Calorimetry, in press).
The AhM was endothermic and found to be +0.063 kJ/g ( Table 2 ). The theoretical enthalpy change associated with the synthesis of 1 g of cells (dry weight) from succinic acid and ammonium hydroxide. This value was found to be slightly positive, +2.43 kJ/g of cells (dry weight). This value was in good agreement with the Ah. data calculated from the combustion enthalpy ofsuccinic acid-grown cells (method 1), i.e., +2.67 kJ/g. As was done in method 1, it was easy to calculate the heat quantity associated with the endergonic reactions during the metabolism of 1 mol of succinic acid with regard to these new data and according to equation (2) . The qan was 37.5 x 2.43 = +91.12 kJ/mol. This second theoretical value was in good agreement with both that of method 1 and with the experimental data, i.e., -739.4 kJ/mol (3). DISCUSSION Until now, it has been commonly accepted that the heat from the combustion of microorganisms was similar to the heat from glucose combustion (1, 2, 4, 7; A. Grangetto, Ph.D. thesis, Aix-Marseille University, Marseille, France, 1963), and therefore it was assumed that enthalpy changes associated with the biosynthesis reactions were negligible (4; Belaich in Biologi- cal Calorimetry). However, the recent measurements by Prochazka et al. did not agree with this assumption (6) .
Using the Prochazka and Sedlaczeck values, Belaich (in Biological Calorimetry, in press) demonstrated that the discrepancy between these two methods strongly influenced values for Ah,., as a result, it became hazardous to predict based on data from thermodynamics literature the amount of heat evolved during microbial growth and even more hazardous to predict the amount of heat from the combustion of glucose. It is essential that one understand both the elementary analysis and the combustion of heat of bacterial cells to interpret accurately the thermochemic aspects of microbial growth.
Data reported in this paper showed that the heat combustion of E. coli cells (i.e., -22.9 kJ/g) was similar to the value published by These values are different from those of the heat from the combustion of glucose (i.e., 15.67 kJ/g).
The two investigational methods previously proposed (Belaich in Biological Calorimetry, in press) for evaluating the quantity of heat associated with 1 g of synthesized cells from succinic acid and ammonia gave similar values (&hall = +2.67 kJ/g and +2.43 kJ/g). As one would expect, both values of enthalpy change were positive and demonstrated that the anabolic processes were indeed endothermic.
The heat quantities associated with the biosynthetic reactions (q,,) during growth on 1 mol of succinic acid were easily calculated from the growth yield (Y.) on succinic acid and both Ah., values. These values were found to be +100.12 or +91.12 kJ/mol of succinic acid, which emphasized that the enthalpy change incorporated into cells during microbial growth could not be neglected. These values for q, indicate the differences observed between the experimental data and those of the quantity of heat corresponding to the catabolic reaction corrected for the part of succinic acid incorporated into cellular carbon. This difference was found to be -136.96 kJ/mol in our earlier paper (3) .
The enthalpy changes associated with the metabolism of a precise substrate were dependent on the amount of energy source incorporated into the cellular material and the enthalpy changes associated with both catabolic and anabolic reactions, respectively. Equation (4) indicates that AHmet was similar to AIcat if values of Y, and consequently a, were low. This was generally observed when cells were grown under anaerobic conditions in complex medium. Under those conditions, no significant differences were found between the experimental data and the calculated values corrected for the short part of the energy source incorporated. As a result, Mhan was assumed to be negligible (Belaich, 
